We have observed that a light beam that passed through an optically active crystal of Bi 12 SiO 20 and that was then ref lected exactly back through it did not recover its initial polarization orientation. The nonreciprocal component of the rotation was of the order of 2 3 10 23 of the reciprocal, single-pass rotation. This nonreciprocity is unambiguous evidence of broken reversality of the light -matter interaction process.
It has commonly been believed that polarization rotation in nonmagnetic optically active media is reciprocal: The rotation does not depend on the direction of propagation and is compensated for when the light beam is ref lected back through the sample. This reciprocity was seen as a direct consequence of the time reversality of the light-matter interaction process in nonmagnetic media on the microscopic level. This reversality was recently questioned for the transmission of light through the border with a chiral media, 1 for the propagation of light in zinc-blend crystals, 2 for ref lection from an antiferromagnetic material with zero net magnetization, 3, 4 and, more generally, for the interaction of light with media lacking an inversion center. 5 Here we report what we believe to be the f irst experiment showing broken reversality for the fundamental optical effect of natural optical activity.
The optical properties of Bi 12 SiO 20 , which is in the 23-symmetry-point group, are conventionally described by the constitutive equation D i e ij ͑v͒E j 1 g ijm ͑v͒= m E j . This crystal symmetry does not support birefringence, e ij ͑v͒ e͑v͒d ij , but supports conventional optical activity, described by the antisymmetric part of the nonlocality tensor g a ijm 2g a jim g ijm 2 g jim . With a diagonal dielectric tensor and antisymmetric nonlocality tensor, the lightpolarization rotation is reciprocal. As a matter of fact the 23-crystal symmetry also supports the symmetric part, g s ijm g s jim g ijm 1 g jim . However, it has been a conventional view that the microscopic time reversality of the light -matter interaction demands that the symmetric part be zero in nonmagnetic crystals. 6 Although we do not doubt that the restriction on the nonlocality tensor is valid when the light-matter interaction is reversible, recently we showed that the microscopic reversality of the interaction itself might be broken. 5 In fact, light-matter interaction Hamiltonians obey symmetry with respect to simultaneous inversion in time and space (PT ), where P and T are space and time inversion operators rather than just inversion in time. We make a clear distinction between the indisputable reversality of the Hamiltonians of the crystals and the nonreversality of the interaction of light with the crystals. The latter is a consequence of the fact that the propagating electromagnetic wave does not have a definite parity with respect to space inversion or a definite symmetry with respect to time 
We solve Eq. (1) by substituting E A exp͓i͑v͞c͒nz͔, where n e 1/2 and A is a slowly varying amplitude, so jdA͞dzj , , jvA͞cj. If the incident wave is linearly polarized at an angle f 0 with respect to the [100] direction, i.e., A x ͑0͒ A 0 cos f 0 and A y ͑0͒ A 0 sin f 0 , the Cartesian components of A for the transmitted light are
Here n s,a ͑v 2 ͞4c 2 ͒͑g xyz 6 g yxz ͒, m 2 n s 2 2 n a 2 . In the approximation that the symmetric part of the nonlocality tensor is a small fraction of the symmetric one, that is, jn s j , , jn a j, we have m ഠ in a , m͑͞n a 1 n s ͒ ഠ i͑1 2 n s ͞n a ͒, and for the polarization azimuth f ! of the forward-propagating wave and f √ of the backward wave:
where f OA ͑v 2 ͞4c 2 ͒Re͑g xyz 2 g yxz ͒L, which is the angle of conventional optical activity polarization-plane rotation in a single pass through the crystal of length L. Here we used the prescription for the treatment of symmetric and antisymmetric components of the nonlocality tensor g ijm outlined in Refs. 9-14. The antisymmetric components of the nonlocality tensor should be treated as i tensors, and the symmetric
where h OA Im͑n a L͒ is the ellipticity that is due to conventional circular dichroism. In accordance with our measurements h OA , 2 3 10 22 rad, so we modify Eq. (4) to
Here f TNOA ͑v 2 ͞4c 2 ͒Re͕g xyz 1 g yxz ͖L is a figure of merit for the dissipative nonreciprocal effect, which should be seen only in the spectral range of noticeable absorption.
Although the optical properties of Bi 12 SiO 20 , and its optical cavity in particular, have been studied comprehensively, 13, 15, 16 there has not been any attempt to examine the reciprocity of its rotatory power. We have set up an experiment to detect this nonreciprocal rotation in an unambiguous, retroref lecting, double-pass configuration (see Fig. 1 ). On the f irst pass through the crystal, polarization-plane rotation is due to both conventional optical activity ͑g We measured the nonreciprocal rotation as a function of the crystal orientation with respect to the incident light-polarization azimuth, rotating the crystal around the [001] direction (see Fig. 2 ).
For clarity the experimental points are presented for only l 457.9 nm; measurements at all other wavelengths are represented by best-fit curves. The characteristic oscillatory orientational dependence of the polarization-plane rotation, predicted by Eq. (5), is the most distinctive feature of the nonreciprocal effect observed. We estimated that the effect cannot be explained by the optical Faraday effect in a scattered magnetic field in the laboratory. Although the imperfections of elements of the polarimeter could potentially change the polarization state of light, this could not contribute to the oscillatory dependence observed, because only the Bi 12 SiO 20 sample was rotated during the measurements.
The phenomenological theory predicts a cos͓2͑f 1 f OA ͞2͔͒ dependence for the nonreciprocal rotation. That is, measurements of this dependence on f (see Fig. 2 ) are expected to have an offset h f OA ͞2 with respect to a 2cos͑2f 0 ͒ function (dotted curve in Fig. 2) . Figure 3 shows the experimentally measured dependence of h on f OA . It correlates very well with the prediction that h f OA ͞2 for a nonreciprocal effect. In Fig. 1 . Schematic of the experiment for measurement of nonreciprocal polarization rotation. The polarization modulator and the birefringent polarizing prism are parts of the polarization-measurement system. a single pass the light acquired some ellipticity, which increased with absorption. The ellipticity could not be explained by small accidental crystal birefringence because it had no detectable dependence on the crystal orientation. It was attributed solely to conventional circular dichroism owing to Im͕g xyz 2 g yxz ͖ that accompanies natural optical rotation in the absorption range.
We measured the dependence of the nonreciprocal rotation on the wavelength (see Fig. 2 ). At l 457.9 nm we calculated Re͕g yxz 1 g xyz ͖ 4.9 3 10 212 cm and Re͕g yxz 2 g xyz ͖ 2.1 3 10 29 cm. As we anticipated, the nonreciprocal effect, which is due to the dissipative nonlocal susceptibility Re͕g yxz 1 g xyz ͖, increases as absorption and conventional optical activity increase.
Although the crystal symmetry does not support birefringence and linear dichroism, we must exclude any contributions to the rotation that could appear as a result of imperfections of the sample, such as residual stress. Stress would have created an inhomogeneous birefringence-dichroism pattern across the sample, so the magnitude and the sign of polarization disturbances associated with the stress would depend on where the beam propagated through the sample. We measured the nonreciprocal rotation at different points of the crystal over the whole crystal surface, scanning it with a beam of approximately 300 mm diameter. No significant change in the nonreciprocal rotation effect was seen.
The laser light intensity was attenuated so that the power of the beam that was incident upon the sample was 1 mW for all the wavelengths. Although some photochromic coloring of Bi 12 SiO 20 , which is known to happen in this material, was seen after several hours of exposure to more-intense blue light, the nonreciprocal component of rotation did not depend on the coloring.
This experiment allows us to conclude that the nonreciprocal polarization rotation detected in Bi 12 SiO 20 is due to the presence of the symmetric part of the nonlocality tensor g s ijm g s jim . It is likely to be associated with the spin-orbit coupling terms in the noncentrosymmetric crystal potential 2, 5 and (or) distortion of the optical electrons' wave functions resulting from the noncentrosymmetric of the crystal lattice. 2 We consider our first experimental observations of nonreciprocal polarization rotation in an optically active crystal to be an unambiguous and positive indication of broken reversality of the microscopic light -matter interaction process.
